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The stability and/or instability of the deformed and su- 
perdeformed nuclei, ^ 3 " 137 Nd, ^ 4_158 Gd, ^ 6 - 194 Hg, and 
g2 2_198 Pb parents, coming from three regions of different su- 
perdeformations, are studied with respect to the a and heavy 
cluster decays. The a-decay studies also include the heav- 
ier 199 - 210 p D nuclei, for reasons of spherical magic shells 
at Z—82 and N=126. The calculations are made by using 
the preformed cluster-decay model, and the obtained a-decay 
half-lives are compared with the available experimental data. 
Having met with a very good success for the comparisons of 
a-decay half-lives and in giving the associated known magic 
or sub-magic closed shell structures of both the parent nuclei 
and daughter products, the interplay of closed shell effects 
in the cluster-decay calculations is investigated. The cluster- 
decay calculations also give the closed shell effects of known 
spherical magicities, both for the parent and daughter nuclei, 
and further predict new (deformed) closed shells at Z=72-74 
and N=96-104 due to both the stability and instability of Hg 
and Pb parents against cluster decays. Specifically, a new 
deformed daughter radioactivity is predicted for various clus- 
ter decays of 186 - 190 Hg and 194 - 195 Pb parents with the best 
possible measurable cases identified as the 8 Be and 12 C de- 



cays of 



Hg and/or Pb parents. The predicted decay 



half-lives are within the measurable limits of the present ex- 
perimental methods. The interesting point to note is that 
the parents with measurable cluster decay rates are normal 
deformed nuclei at the transition between normal and super- 
deformation. 



I. INTRODUCTION 

The a-decay results have been used for identifying the 
shell closure effects for quite some time now, including 
even the very weak, sub-shell closures. For example, the 
Z=64 sub-shell was first noted by observing the system- 
atics of a-decay energies [1], and later by a dip at Z=64 in 
the measured a-decay reduced widths [2] , of a few N=84 
isotones in its neighborhood. In the recent past, some of 
us and collaborators [3-9] have coupled the a-decay stud- 
ies with the exotic cluster-decay result of the observed 
spherical closed-shell daughter ( 208 Pb or a neighbouring 
nucleus), called cluster radioactivity [10-12]. This al- 
lowed us to predict two other new spherical closed-shell 



daughter radioactivies, namely 100 Sn and 132 Sn daugh- 
ter radioactivies [4-7], and also a deformed daughter ra- 
dioactivity at Z=74-76 and N=98-104 [8]. The spherical 
100 Sn daughter radioactivity has been emphasized also 
by Poenaru, Greiner and Gherghescu [13], and a cou- 
ple of, so-far unsuccessful, experimental attempts have 
also been made to observe it as the ground-state decay 
of 114 Ba nucleus produced in heavy-ion reactions [14,15]. 
This decay is now believed to belong to an excited com- 
pound nucleus decay, studied for 12 C decay of 116 Ba* 
[16,17]. Furthermore, the cluster decay studies are also 
used to point out the shell stabilizing effects of the par- 
ent nucleus [3,8,9]. Thus, both the cases of large and 
small decay rates (equivalently, the small and large de- 
cay half-lives) are found important, the large ones refer- 
ing to closed shell effects of the daughter nucleus and the 
small ones to closed shell effects of the parent nucleus. 
In other words, taking a clue from the experiments, in 
a decay calculation, the presence of a known spherical 
or deformed daughter should result in a large decay rate 
(small decay half-life) or alternatively, a large decay rate 
(small decay half-life) should refer to the existence of a 
known or un- known (new), spherical or deformed, closed 
shell for the daughter nucleus. 

In the above mentioned calculations, we have so- far 
investigated the alpha and/or cluster decays of various 
neutron-deficient and neutron-rich rare-earths 54Xe to 
64Gd [4-7] and the even-A deformed and superdeformed 
180- 194 Hg nuclei [8]. In mercury nuclei, the superdefor- 
mation begins at the 189 Hg isotope, and the axes ra- 
tios are « 1.7:1 [18]. Note that the superdeformation 
here refers to the observation of (excited) superdeformed 
band(s) in these nuclei, though their ground-state defor- 
mations are not very much different from other neigh- 
bouring nuclei. This is illustrated in Fig. 1, where the 
data for ground-state quadrupole deformation parame- 
ter /?2 is taken from the calculations of Moller et al. [19], 
since a similar data from experiments is not available 
for all the nuclei studied here. On the other hand, a 
deformed or normal deformed nucleus is one where su- 
perdeformed band(s) are not observed and it comes from 
the well known mass region 150 < A < 190 of deforma- 
tion. In the above stated nuclei, the closed shell effects of 
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both the daughter products and the parent nuclei were 
analyzed. The stability of parent nuclei was also studied 
for the mass region A=68-82 [3,9], which includes sev- 
eral deformed and superdeformed nuclei (here, both in 
the ground states). However, there are several other re- 
gions of various deformations and superdeformations in 
the mass regions A=130-158 and 180-198 [18] whose de- 
cay characteristics still remain to be probed. The aim of 
this paper is to make a complete analysis of the decay 
properties of nuclei in these two mass regions, in order 
to get a general picture of how the deformed, in partic- 
ular the superdeformed, nuclei behave against the a and 
heavier cluster decays. The superdeformed nuclei are ex- 
pected to be more instable, though, like for the mass re- 
gion A=68-82 [3,9], the following analysis does not seem 
to support this contention. Instead, the superdeformed 
nuclei are found to be rather poor a emitters, as com- 
pared to their lower mass, normal deformed nuclei. They 
are, however, shown to be the better a emitters than the 
heavier mass (heavier than supcrdefomed nuclei) , normal 
deformed nuclei. The same is found true for cluster de- 
cay results. Such an un-expected situation is presented 
by the presence of known and/or un-known (new) closed 
shell effects of the daughter products. Also, the closed 
shell effects of either the protons or neutrons, as well 
as the neutron/proton asymmetry, of the parent nucleus 
play a role. 

The other nuclei that have superdeformations identi- 
cal to those of ^ 9_194 Hg nuclei are the ^ 91 Au, i 91 ~ 195 Tl, 
192-196, i98pk an( j i|7gj nuclei. Then, there are several 
rare-earths, from 6 2 Sm to 66Dy and 6sEr, which have 
even more strongly superdeformed shapes with axes ra- 
tios «2:1. Also, some other rare-earths, the 57La to 6oNd, 
have superdeformed species with axes ratios wl.5:l. In 
this paper, we choose to work specifically with both the 
odd- and cvcn-A ^~ 137 Nd, %*-™Gd and lf~ 198 Pb 
parents, which comprise the three regions of different su- 
perdeformations mentioned above, along with some nor- 
mal deformed nuclei. Note that 154 ~ 158 Gd are known 
a-stable nuclei, but are found to be of interest from the 
point of view of heavy-cluster instabilities and the as- 
sociated closed shell effects (Section III.B.2). We have 
also included in our analysis here, the already studied [8] 
mercury nuclei, extended to both the odd- and even-A 
gg 6_194 Hg, and the heavier 199 - 210 pb nuclei where some 
experimental data for a-decays are available. Thus, the 
cases of both the normal deformed and superdefomed nu- 
clei, and the spherical closed shell nuclei at and around 
Z=82, N=126, are covered in our study. Figure 1 shows 
that all the superdeformed nuclei chosen here come from 
the transition (both lighter and heavier) regions of known 
deformed nuclei in the mass region 150 < A < 190. 

The paper is organised as follows. The calculations 
are made by using the preformed cluster-decay model 
(PCM) of Gupta and collaborators [20-23] whose brief 
outline is presented in section II. Section III deals with 
the calculations and results obtained from this study. A 



summary of our results and conclusions are presented in 
section IV. 



II. THE PREFORMED CLUSTER-DECAY 
MODEL 

The preformed cluster-decay model (PCM) is a well 
established method for cluster decay studies. We refer 
the reader to original papers [20-22] or the reviews in 
Refs. [12,23] for complete details on the model. In the 
PCM, the decay constant A (or, inversely, the decay half- 
life time T1/2) is the product of the cluster preformation 
probability P , the barrier impinging frequency vq, and 
the barrier penetration probability P, 



A 



ln2 

T1/2 



P IS P. 



(1) 



For calculating Po and P, the authors introduced, re- 
spectively, the dynamical collective coordinate of mass 
asymmetry 77=(Ai-A 2 )/A, with A~Ai+A 2 , and relative 
separation R between the two fragments, via the station- 
ary Schrodingcr equation 



H(T),R)4, n (r),R) = E n Mv,R)- 



(2) 



The potential part of the Hamiltonian in this equation is 
defined by 

V( V ,R) = J2B i (A i ,Z i ) + ^^- + V p , (3) 



given as the sum of the experimental binding energies [24] 
and the Coulomb and nuclear proximity [25] potentials. 
The fragmentation potential V(ry) and the scattering po- 
tential V(R) are obtained from Eq. (3), respectively, for 
fixed R and 77. The R is fixed at the touching configura- 
tion, R=Ct=Ci+C 2 , the Ci being the Siissmann central 
radii Cj = Ri — l/Ri (in fm) with R^ as the equiva- 
lent spherical radii R t = 1.2&A\ /3 - 0.76 + 0.8^r 1/3 fm; 
and 77 is fixed by the emitted cluster. The charges Zj in 
(3) are fixed by minimizing the potential (without Vp) 
in the charge asymmetry coordinate ri.2=(Zi-Z 2 )/Z, with 
Z=Zi+Z 2 . 

In principle, the two coordinates are coupled, but in 
view of the defining equation (1), the Schrodinger equa- 
tion (2) is solved in the decoupled approximation of 77 and 
R-motions. Only the ground-state (n=0) solution is rele- 
vant for the cluster decay to occur in the ground-state of 
the daughter nucleus. Then, for rj motion, the properly 
normalized fractional cluster preformation probability is 



P (A 2 ) = \m\ 2 ^B vn (v) 



(4) 



with B m taken as the classical hydrodynamical mass of 
Kroger and Schcid [26]. For the R-motion, we use the 
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WKB approximation for calculating the penetrability P. 
In PCM, the penetration is considered to begin at R — 
R a = C t and end at V (Rb)=Q-value of the decay. 

Finally, the impinging frequency v$ in the PCM is 
defined by considering that the total kinetic energy, 
shared between the two fragments, is the positive Q- 
value. Then, 

velocity J2Q/mA 2 
1/0 = p = • ( 5 ) 

Here Ro is the equivalent spherical radius of the parent 
nucleus and mA 2 is the mass of emitted cluster. 

III. CALCULATIONS 

In this section, we present our calculations first for a- 
decay, compared with the experimental data, wherever 
available. Then, we analyze the cluster-decay calcula- 
tions with a view to look for the role of known magic 
shells in both the daughter and parent nuclei, and the 
possible new closed-shell daughter products presenting 
the signatures of a new radioactivity, if any. The cluster 
decay calculations are presented separately for each set 
of nuclei. 

Figures 2 and 3 show the fragmentation potentials for 
Nd and Pb nuclei, as the representatives of the two mass 
regions (A=130-158 and 180-198) studied here. The ex- 
perimental binding energies used are from the 1995 ta- 
bles of Audi and Wapstra [24]. We notice that in each 
case, the potential energy minima occur at 4 He and other 
N=Z, a nuclei, as well as at N^Z, non-a nuclei for all 
the parents in the heavier mass region (A= 180- 198) and 
for only the heavier parents in the lighter mass region 
A=130-158. This means that the a-nuclei decay products 
are energetically more favoured for the lighter isotopes of 
Nd and Gd parents in the lighter mass region A=130-158, 
and the non-a decay products become equally favourable 
for all the Hg and Pb parents in the heavier mass re- 
gion A= 180- 198 and for the heavier isotopes of Nd and 
Gd parents in A= 130- 158 mass region. We are inter- 
ested only in the potential energy minima because the 
preformation factors Po for nuclei at the minima are the 
largest, compared to their neighbours, as is depicted in 
Fig. 4 for Nd and Gd and in Fig. 5 for Hg and Pb 
parents, where, for some clusters belonging to the min- 
ima in the fragmentation potentials, the (negative) log- 
arithm of the preformation probability P is plotted as 
a function of the mass number of the parents. We no- 
tice that in all cases, like in our earlier calculations [3-9], 
the preformation factor is largest for 4 He and it goes on 
decreasing as the size of the cluster increases. Another 
point of interest to note in these figures is the change 
of clusters for the heavier parents (see the dashed parts 
of lines). For example, in both the Figs. 4 and 5, the 
cluster 16 for 144 ~ 154 Gd and !76-i93 Hg nuclei changes 
to 16 C for heavier 155_158 Gd and 194 Hg nuclei. However, 



then the Q-value (for 16 C cluster combination) is so small 
(see Fig. 6) that the penetrability is almost negligible 
(and hence of not much interest to include such clusters 
any further in our analysis). Figure 6 also reveals that 
the Q-value is negative (or nearly zero) for a-decay of 
146 Gd, and for both the a and 8 Be decays of Gd nuclei 
heavier than 154 Gd. The fact that the penetrabilities P 
are small (—logiaP large) for smaller Q-values, is evident 
from Figs. 7 and 8, which give, similar to Figs. 4 and 5, 
the results of our calculation for the barrier penetrability 
P. We further notice in Fig. 7 that the penetrability P 
is in general small (large —logioP) f° r non-a clusters in 
the light mass region A= 130- 158. The combined effect 
of the preformation probability Po and penetrability P 
gives the measurable decay half- life time T1/2, since the 
impinging frequency i> is almost constant. The resulting 
T1/2 are presented in Figs. 9 and 10, where their loga- 
rithms are plotted with respect to the mass number of 
the parent nuclei. The structural information obtained 
from these calculations for each set of parents is discussed 
separately in the following sub-sections. Note, however, 
in Fig. 9(b) that 154 Gd is almost stable against a and 
8 Be decays (large T^-values), but could be of interest 
for other heavier cluster decays, as is discussed in section 
III.B.2. 



A. The a-decay results 

We have noted above that the preformation factor Po 
is largest for 4 He. This is of the order of 10 -5 — 10~ 8 for 
all superdeformed 133_137 Nd, superdeformed and some 
heavier mass, normal deformed 144 ~ 154 Gd nuclei (su- 
perdeformation in Gd nuclei stops at 150 Gd, and Gd nu- 
clei beyond 154 Gd are a-stable, Q a <0; Q-value is small 
but positive for a-decay of 154 Gd, though experimen- 
tally it is a known a-stable nucleus), all superdeformed 
and some lighter mass (mainly odd-A) , normal deformed 
183-194-fIg (here superdeformation begins at 189 Hg) and 
all superdeformed 192 ~ 198 pb nuclei. However, Po is much 
larger, ~ 10 -3 , for almost all lighter mass, normal de- 
formed 176 -i88jjg anc [ 182-igipk nuc } e j This suggests 

that superdeformed nuclei are the poorer a-emitters, as 
compared to their light mass, normal deformed species. 
Interesting enough, the same result is born out in the 
calculated a-decay half-lives TJy 2 , plotted in Fig. 11 
as logi T"/ 2 versus parent mass number, and compared 
with the available experimental data (taken from Refs. 
[27,28]). We have also included here (see inset, Fig. 11) 
the other heavier isotopes of Pb in order to include the 
lone experimetal data for 210 Pb, in the neighborhood of 
doubly magic 208 Pb nucleus. The Fig. 11 presents not 
only the interesting comparison of calculated results with 
experiments, but also interesting shell structure effects of 
both the parent nuclei and their daughter products which 
are mostly known but not yet observed experimentally 
via a-decay studies (the a-decay experimental data are 
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not yet complete). We have also compared our results 
and the available experimental data with another calcu- 
lation due to the generalized liquid drop model (GLDM) 
[27] in Table 1. We notice that the PCM and the GLDM 
calculations give identical results, both within one order 
of magnitude of the experimental data. 

The following results are evident from Fig. 11: (i) 
The PCM calculations compare nicely with experiments, 
showing even the (small) odd-even effects in both the 
light mass, normal deformed 176 - 188 Hg and 182 - 191 pb 
nuclei. The odd-even effects seem to become weaker in 
all the superdeformed and heavier normal deformed nu- 
clei studied here (sec e.g. 148 ~ 152 Gd or 189 - 194 Hg nu- 
clei). The data are not yet enough to show the odd- 
even effects as clearly as are given by the calculations. 
The comparison between the experimental data and our 
calculations for all the five 148 ~ 152 Gd isotopes (contain- 
ing no apparent odd-even effects) and the single 210 Pb 
parent in very heavy mass region are also particularly 
striking, (ii) The light mass, normal deformed 176 - 188 Hg 
and 182 - 191 pb parents are clearly the better a emit- 
ters (smaller T", 2 values), as compared to their heav- 
ier and superdeformed counterparts and the superde- 
formed 133 " 137 Nd and 144 ~ 154 Gd parents. This also in- 
cludes the heavier, normal deformed 151 ~ 154 Gd nuclei. 
However, the superdeformed nuclei are better a emit- 
ters than the heavier mass, normal deformed nuclei. In 
other words, the superdeformed nuclei are though bet- 
ter a emitters than the heavier mass, normal deformed 
(heavier than the superdeformed) nuclei, but both are 
poorer a emitters as compared to the light mass, normal 
deformed nuclei, (hi) The large (peaking of) T", 2 -values 

for 146 Gd and 207 < 208 pb parents show the shell closure 
effects (strong stability) of magic N=82 and 126 coupled 
with their semi-magic Z=64 and magic Z—82, respec- 
tively, (iv) The above noted peaking effect of Ty 2 at 
the spherical magic shells of the parents could be inter- 
preted as the signature of the change of a shell from the 
deformed to the spherical one or one can say the pres- 
ence of a (spherical or deformed) closed-shell daughter at 
the bottom(s) or valley(s) of such a peak. One such re- 
sult is evident for the minimum (valley) at 148 Gd, which 
refers clearly to N=82 spherical daughter @f 4 Sm for its 
a decay. A similar minimum at 134 Nd could be due to 
the mid-shell effect of magic Z—50 and sub-magic Z=64 
for the (weakly deformed) daughter j^fCe. Such peak- 
ing effects are also visible in the superdeformed Hg and 
Pb nuclei. Apparently, all these results clearly establish 
the credentials of PCM for its possible predictions for the 
heavier-cluster decays and the associated shell structure 
effects, studied in the following sub-section. 

B. The heavy cluster-decays and closed-shell effects 

We have seen above, and is also known from our ear- 
lier calculations [4-7,9], that as the N:Z ratio of parent 



nuclei increases, the N^Z, non-a nuclei cluster emissions 
become equally, or even more, probable as compared to 
N=Z, a nuclei cluster emissions (see, e.g., the crossing 
over of the curves for 12 C and 14 C clusters in Fig. 4(b) 
for heavier Gd parents or in Fig. 5(a) for Hg parents; Po 
becomes larger for 14 C, as compared to that for 12 C). 
Hence, the a-nucleus cluster emission effects must be 
more prevalent for parents in the low mass region A=130- 
158 and the non-a nuclei cluster emissions for parents 
in the heavier mass region A=180-198. We know that 
all the radioactive exotic cluster-decays from the parent 
masses A>222 consist of only non-a nuclei clusters [12], 
such as 14 C, 18 < 20 O, 23 F, 22 > 24 > 2 6Ne, 28 < 30 Mg and 32 ' 34 Si. 
Secondly, it is interesting to note that, though the cluster 
preformation factors Po are of similar orders for both the 
chosen regions of parent nuclei (compare Figs. 4 and 5), 
the penetrabilities P are much smaller (larger — logmP) 
for parents in the lighter mass region A=130-158 (com- 
pare Figs. 7 and 8). This means that, like for a-decays, 
the cluster-decay rates for parents in the lighter mass re- 
gion are also expected to be smaller (larger cluster-decay 
half-lives) than for parents in the heavier mass region. In 
other words, the parents in lighter mass region A=130- 
158 are likely to be more stable against cluster decays, 
than the parents in heavier mass region A=180-198. We 
discuss these results in the following for each set of parent 
nuclei separately. 

1. Nd parents 

First of all we look at the calculations in Figs. 4(a) 
and 7(a), respectively, for the preformation probability 
Po and penetrability P for Nd parents. We notice that 
-logioPo for the lightest two clusters 8 Be and 12 C arc 
structure- less (remains almost constant), but for heavier 
clusters develop into maxima (minima for Po) each at 
the even-A parents 134 Nd and 136 Nd which grow as the 
size of the cluster increases. On the other hand, for the 
penetrability, -logioP is structure-less for all clusters, ex- 
cept for a steep rise for 8 Be decay and small maximum 
(minimum for P) at 134 Nd (or a minimum at 135 Nd) for 
its 14 C decay. The fact that these maxima and minima 
are simply the result of an odd-even effect in Nd nuclei is 
evident from the almost constant cluster decay half-lives 
TJy 2 in Fig. 9(a). The notable exception is again for 

8 Be decay, where the decay half-life is an ever increasing 
function of parent mass, with TJ, 2 >10 100 (s) and hence 
stable against such a decay. The interesting result is that 
some heavy clusters, like 30,32 Si, have decay half-lives of 
the same order as for the light clusters like 12 C and 16 O. 
These are apparently due to, say, the neighbouring Z=50 
magic shell in 52 9 Te daughter, or the mid-shell effects of 
the known neutron magic shells, in 16 decay of 135 Nd 
parent. The decay half-lives are, however, large ~10 50 
(s). In other words, the Nd parents are as stable, rather 
more stable, against cluster decays as they are against 
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a-decays. 



2. Gd parents 



For Gd parents, the Po in Fig. 4(b) seem to behave 
smoothly, except for a small minimum at 148 Gd parent, 
which turn into a minimum at 145 Gd and a maximum 
at 148 Gd parent for the heavier clusters. Also, the di- 
vision between the supcrdcfomed and normal deformed 
nuclei is evident at 152 Gd where P increases suddenly 
(— logigPo decreases) for all the clusters and stays nearly 
independent of the mass of normal deformed parents (ex- 
cept for small oscillations, the odd-even effect). On the 
other hand, the P in Fig. 7(b) show the maxima, min- 
ima structure for different light clusters at any one of 
the parent nuclei 146_152 Gd. The heavier clusters are all 
peaked around 146 Gd. These results combine to give four 
significant minima for Ty 2 in Fig. 9(b): one at 150 Gd 

for 8 Be decay, another at 152 Gd for 12 C decay, the third 
one at 154 Gd for 14 C decay and finally the fourth one at 
156 Gd for 18 O decay. All these minima refer to N=82 
magicity of the respective daughters 6o 2 Nd, sfCe, 5|°Ce 
and 5g 8 Ba. In other words, these are the only four iso- 
topes of Gd ( 152 ~ 156 Gd) which are prone to heavier clus- 
ter decays, though the predicted decay half-lives are large 
~10 43 -10 67 (s). Note that one of these parents ( 150 Gd) is 
a supcrdcformed nucleus whereas the other three heavier 
ones ( 152 > 154 > 156 Gd) arc normal deformed nuclei. Also, 
of these four, 8 Be and 12 C decays of 150 Gd and 152 Gd, 
recpectively, are more probable (smaller T^, 2 ). Then, 
there are some maxima appearing in Fig. 9(b), mainly 
at 146 Gd, which refer to the stability of this parent nu- 
cleus against the cluster decays due to its N=82 shell 
closure. Note that 146 Gd is already stable against 8 Be 
decay (Q < 0). Thus, the structure effects of both the 
parent (s) and daughters come into play in the cluster- 
decay properties of Gd nuclei, but the predicted cluster 
decay half-lives are beyond the limits of the present mea- 
surements, which go only upto ~10 28 (s) [12]. 



3. Hg parents 

In this sub-section, we discuss the results of our cal- 
culations for normal deformed 176 -i88jjg an( j SU p er( j e _ 
formed 189 ~ 194 Hg nuclei, presented in Figs. 5(a), 8(a) 
and 10(a) for P , P and Ty 2 , respectively. First of all, 
we notice a number of minima and maxima in Fig. 5(a) 
for P , which correspond to the odd-even effects of the 
parents. Then, the P increases suddenly (—logioPo de- 
creases) near the transition point of deformed to superde- 
formed region where it has the largest value for almost all 
the cluster preformations in 188 Hg, the normal deformed 
nucleus at the transition. As we shall see below for the 
TJy 2 calculations, this result corresponds exactly to the 
one observed for the a-decay half-lives of Gd isotopes in 



Fig. 11, i.e. of the change of shape in going from a max- 
imum (peaking) to the minimum (valley). On the other 
hand, the P are nearly smooth functions of the parent 
mass, except for a noticeable minimum (enhanced pene- 
trability) at 185 Hg, and/or for some clusters at 189 Hg, in 
Fig. 8(a). The resulting T^ 2 in Fig. 10(a) show interest- 
ing maxima and minima, like for Po, for normal deformed 
176- 185 tig nuclei, referring to the larger stability of the 
even parents (at maxima) relative to the odd parents (at 
minima). Then, a (broad) minimum or valley of insta- 
bility (smaller values next to a maximum in T^ 2 ) occurs 

for the normal deformed and superdeformed transitional 
nuclei !86-i90 Hg 

The above noted stability of even-A 176 -i85jjg nuc i e j 
point to the closed shell effects of these parents at Z=80 
(in the neighborhood of magic Z=82) coupled with a 
magic or semi-magic nature of their neutron shells with 
N=96,98,100,102 and 104. On the other hand, the in- 
stabilty of 186 - 190 Hg parents, against various clusters, 
reflect the closed shell effects of the daughter nuclei, like 



W, .., etc., referring to Z=76,74,.. and 



178-182 n „ 174-178 
76 74 

N=106,104,102,.. closed or near-closed shells. Coupling 
the results of both the stability and instability in this 
region, with the fact that 8 Be and 12 C are shown as the 
most probable cluster decays (smallest TJ , 2 -values), the 
Z=76 or 74 and N=96-104 seem to point to the major 
(deformed) closed shells. The same result was obtained 
in our earlier studies [4,8] and supports the structure cal- 
culations of other authors [29,30]. Also, Fig. 10(a) shows 
that the best measurable 8 Be and 12 C decays come from 

176,177 Hg; with T »Be ^Q^s) and T^f ~10 23 ( S ), which 

are well within the limits of present day experiments. 



4- Pb parents 

The calculations for Pb parents are presented in Figs. 
5(b), 8(b) and 10(b), respectively, for P , P and TJ, 2 . 
The Po are almost constant, except for a small enhance- 
ment (minimum — logi0P ) in the case of 196 Pb parent 
for all cluster configurations. The same is true for the P, 
except that the enhancement is now for the 195 Pb parent. 
The net result is a shallow minimum in TJ , 2 for heavier 

clusters, like 20 O and 24 Ne, from 194 Pb or 195 Pb parents, 
which means the shell stabilizing effects of the daughters 
174,175^ anc [ ^°' 171 Hf. This means supplementing the 
above noted results for Hg isotopes that the major closed 
shells could even occur at Z=72,74, N=98-100. The min- 
imum decay half-lives are for the 8 Be and 12 C decays of 
192 Pb, both -10 37 , which are still not within the reach 
of experiments. 
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IV. SUMMARY OF RESULTS AND 
CONCLUSION 

We have made a systematic study of the a- and heavy- 
cluster decays of nuclei with masses A=130-158 and 180- 
198, comprising three regions of superdeformations to 
different orders. Specifically the 133 ~ 137 Nd, 144 ~ 158 Gd, 
176- 194 t[g and 192 - 198 pb nuclei are studied, which also 
include the normal deformed nuclei on both the lighter 
and heavier sides of the superdeformed nuclei. Further- 
more, for a-decay of Pb nuclei, we have also considered 
the very heavy isotopes upto 210 Pb which means includ- 
ing also the spherical closed shell effects of 208 Pb with 
doubly magic Z=82 and N=126. The main idea of this 
work is to look for new (spherical or deformed) closed 
shells via cluster decay studies or, in other words, the pos- 
sible signatures of any new cluster radioactivity in the su- 
perdeformed nuclei. A parent nucleus is stable against a 
and other cluster-decays, if the decay half-lives are large. 
On the other hand if the decay half-life is small (measur- 
able or close to measurable) then, in view of the so- far 
observed radioactive decays, it must refer to the closed 
shell effects of the daughter product (s). Based on such 
an analysis for both the a and heavier cluster decays, 
we have obtained the following results from the chosen 
nuclear mass regions. 

The superdeformed nuclei are better a emitters, as 
compared to their heavier mass, normal deformed iso- 
topes, though both of these arc poorer a emitters than 
their lighter mass, normal deformed species. The closed 
shell effects of the parents (for 146 Gd and 208 Pb par- 
ents), at the spherical sub-magic Z=64, magic N=82 and 
doubly magic Z=82, N=126, are evident in terms of the 
maxima or peaking of the a-decay half-lives, whereas the 
same for daughter nuclei 130 Ce and 144 Sm (for 134 Nd and 
148 Gd parents, respectively) are given as minima or val- 
leys in a-decay half- lives due to the mid-shell effect of the 
magic Z=50 and sub-magic Z=64, and the N=82 magic 
shell. These are the known shell closure effects, which ap- 
parently are nicely reproduced in the PCM calculations. 

The calculated cluster-decay half-lives show that the 
lighter mass region A=130-158 is more stable (larger 
T!jy 2 values) than the heavier mass region A=180-198. 
The light mass region presents the closed shell effects 
of known magic Z=50 or N=82 shells (for 16 decay of 
135 Nd, 8 Be decay of 150 Gd, 12 < 14 C decays of 152 < 154 Gd, re- 
spectively, and 18 O decay of 156 Gd), with the predicted 
cluster decay half-lives beyond the present measurable 
limits of the experiments(T^ 2 ~10 43 (s) or more). On the 
other hand, the heavier mass region A= 180- 198 present 
not only the stability effects of neighbouring Z=82 magic 
shell for even-A 176 -i85jjg p aren t S; but also interest- 
ing new possibilities of deformed-daughter cluster ra- 
dioactivity at Z=72-76 and N=96-104 for i86-i90 Hg and 
194,195 Pb. In other words, new deformed magic shells 
are likely to occur at Z=72-76 and N=96-104 for vari- 
ous cluster decays of 18 6-i90 Hg and I94,i95p b The ^ 



observable cases are predicted to be 8 Be and 12 C de- 
cays of 176 < 177 Hg and/or 192 Pb parents (with T c 1/2 -10 18 

and 10 23 (s), respectively). The interesting point is that 
in both the nuclear regions under study, more of these 
nuclei are normal deformed nuclei rather than superde- 
formed ones. In fact, they lie at the transition between 
the normal deformation and supcrdeformation, but more 
towards the region of normal deformation. The best pos- 
sible cases also come from the normal deformed regions. 
In other words, the region of the change of shape, i.e. 
the valley(s) in the immediate neighbourhood of a peak, 
seems to be the criterion for the location of new magici- 
ties or for the new cluster radioactivity (ies). 
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Figure Captions: 

Fig. 1. The variation of ground-state quadrupole de- 
formation parameter /?2 with mass number for the 
selected Nd, Gd, Hg and Pb parent nuclei. The 
data are from the calculations of Moller et. al [19]. 
The region of nuclei where superdeformed bands 
are observed is marked in each case. 

Fig. 2. The mass fragmentation potentials as a func- 
tion of the mass number of light fragments, for the 
superdeformed isotopes of Nd parents. The cal- 
culations are made at the touching configuration 
R=Ci+C2=Ct and by using experimental binding 
energies [24] . Only the light fragments (clusters) at 
minima are marked. 

Fig. 3. The same as for Fig. 2, but for both the normal 
deformed and superdeformed isotopes of Pb par- 
ents. 

Fig. 4. The logarithms of the cluster preformation 
probability P as a function of the mass number of 
(a) Nd, and (b) Gd parents, for different clusters. 
For the same cluster mass number, the dashed line 
shows Po if the charge number is changed. 

Fig. 5. The same as for Fig. 4, but for (a) Hg, and (b) 
Pb parents. 

Fig. 6. The variation of Q-value with mass number for 
(a) Gd and (b) Hg parents. The binding enegies 
used are the experimental binding energies [24]. 

Fig. 7. The same as for Fig. 4, but for the penetrability 
P. 

Fig. 8. The same as for Fig. 7, but for (a) Hg, and (b) 
Pb parents. 

Fig. 9. The same as for Fig. 4, but for the logarithms 
of cluster decay half- life, lo<7ioT^ 2 (s). 

Fig. 10. The same as for Fig. 9, but for (a) Hg, and (b) 
Pb parents. 

Fig. 11. The logarithm of the calculated a-decay half- 
lives, lo<7ioT!jy 2 (s), as a function of the parent mass 
number for various isotopes of Nd, Gd, Hg and Pb 
nuclei, compared with the experimental data (taken 
from Refs. [27,28]). The inset shows the same cal- 
culation for the heavier isotopes of Pb, where the 
experimetal data for only 210 Pb is known. 
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Table 1: The logarithms of o-decay half-lives and other charac- 
teristic quantities calculated by using the preformed cluster model 
(PCM) of Gupta and collaborators. The impinging frequency uq 
is nearly constant, of the order of 10 21 s — The PCM calculations 
are compared with the available GLDM calculations of Royer [27] 
and the experimental data. 
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Fig. 1 "Closed shell effects from " R.K. Gupta et al. 
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Fig. 2 "Closed shell effects from " R.K. Gupta et al. 
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Fig. 5 "Closed shell effects from " R.K. Gupta et al. 
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Fig. 6 "Closed shell effects from " R.K. Gupta et al. 
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Fig. 7 "Closed shell effects from " R.K. Gupta et al. 
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Fig. 8 "Closed shell effects from " R.K. Gupta et al. 
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Fig. 9 "Closed shell effects from " R.K. Gupta et al. 
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Fig. 10 "Closed shell effects from " R.K. Gupta et al. 
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